ABSTRACT With plentiful spectrum resources, millimeter-wave (mmWave) band has been the forefront candidate to enable the requirements of lower latency and faster data rate for future automotive systems. However, the incorporation of mmWave directional transmission and diversely vehicular mobility triggers frequent beam realignment, thus largely increasing the beamforming overhead and leaving less time for data transmission. In this paper, an energy-angle domain access and transmission frame structure is investigated for mmWave vehicle-to-everything communications, which consists of two phases, initial access and data transmission. Considering the transmission interruption issue caused by blockage, we propose an energyangle domain initial access scheme, by which the signals are labeled by different directions with multipower level. Several performance metrics are subsequently obtained to evaluate the proposed scheme. Next, we formulate the access time-throughput tradeoff problem mathematically and prove that there indeed exists the optimal access time which yields the highest throughput for data transmission. Moreover, a binary-decision beam tracking scheme is designed to maintain the directional link connection in the data transmission phase. Numerical evaluations and simulations have been conducted to verify the correctness of our point of view and the superiority of our proposed methods.
I. INTRODUCTION
The last few years have witnessed the rapid and prosperous development of wireless technology, among which automated driving has grasped considerable attention [1] . To accomplish this anticipation, numerous capable sensors are integrated into vehicles for supporting multiple services [2] , such as blind spot detection [3] , risk identification and avoidance, cruise control, etc., which requires ultra-high data rates of nearly gigabit per second [4] . This improved performance puts forward higher request to the vehicular communications, triggering the emerging notion of vehicle to everything (V2X).
The V2X protocol is evolved by the association of two scenarios, i.e., vehicle to vehicle (V2V) [5] and vehicle to infrastructure (V2I) [6] . Currently, there are two principal criterions to support the basic obligation. One is the dedicated short-range communication (DSRC) [7] , which can afford a coverage range up to 1 kilometer and a data rate of 2-6 Mbps at most. The other is the 4G-V2X connectivity below 6 GHz [8] , which permits a higher data rate up to 100 Mbps. However, such mechanisms cannot fulfill the requirements of unprecedented data amount for high bandwidth connected vehicles [9] . Fortunately, there reaches a consensus that millimeter wave (mmWave) band known as extremely high frequency (EHF), in which abundant underutilized spectrum resources are available, is a viable solution [4] .
Due to the short wavelength, mmWave propagation is confronted with the issues of high isotropic pathloss and weak penetration [10] . Fortunately, the small-size antennas for mmWave make it possible to obtain adequate gains by directional beamforming [11] . Such directional transmission, albeit enhances the link connectivity and reduces the interference effect, poses enormous challenges to the beam alignment process [12] . Existing initial access (IA) procedure for beam alignment is conducted by omnidirectional transmissions or fixed antenna patterns, where directional transmission is only after the physical link has been established. However, in the mmWave range, the transceivers need to enforce directional beamforming even during the IA phase [13] . This angular search increases the access time, which has negative effect on subsequent data transmission efficiency. On the contrary, leaving much time on transmission promotes throughput, but induces more connection failures [14] .
Apart from the universal issue above, there rises some specific challenges in the high dynamic V2X scenario. On one hand, owing to the mobility of the vehicle, there is a high risk of deafness caused by beam misalignment. Hence the vehicle needs periodic beam tracking to maintain the connection [15] . On the other hand, the frequent appearance of blockage interrupts the physical link, which triggers the node to change from idle mode to connection mode intermittently [16] . Therefore, a fast and reliable connection reestablishment mechanism is crucial.
A. RELATED WORK
Prior beam alignment approaches in mmWave celluar system emphasize on sweeping modes, where the transmitting and the receiving nodes jointly scan the angular space to establish the optimal beam pair. Giordani et al. [17] propose two sector-level strategies, i.e., the exhaustive search and a twostage iterative search. Yang et al. [18] further investigate the feasibility of random beamforming mechanism, where the base station and user equipment focus their antenna patterns by a randomly pick direction. However, these solutions are restricted to quasi-stationary scenarios without consideration of high dynamic scene with blockage.
Modern vehicles equipped with manifold sensors can efficiently exploit the context information (CI) collected from the surroundings to assist the communication [19] , thus making it feasible to realize the rapid connection with low overhead. A radar aided beam alignment for mmWave V2I scenario is proposed in [20] , which utilizes the covariance estimation obtained from the radar signal to design the initial precoders blindly with no need of channel state information. A solution to mmWave communication link configuration for V2I is designed in [4] , where the position information obtained from DSRC is leveraged to reduce the overhead. Orsino et al. [16] exploit redundant preamble transmissions in order to rapidly acquire a data transmission opportunity, which can improve the reliability of IA in massive V2X scenario. The aforementioned schemes focus on reducing the overhead, but do not analyze the tradeoff between the time devoted to initial access and data transmission.
Furthermore, a beam switching approach is presented in [21] , which leverages the position information from the train control systems. The method can select the optimal beamwidth to achieve the required throughput. In [22] , a gradient descent method for an optimal beam design is proposed to maximize the data rate, which shows that the equal coverage beam design has negligible loss to the optimal one. However, both the mechanisms are set in a non-congested highway scenario, where the road side unit (RSU) is reckoned without blockage.
B. CONTRIBUTIONS
In this paper, an energy-angle domain access and transmission frame structure is investigated for mmWave vehicle-toeverything (V2X) communications, which consists of two phases, initial access and data transmission. The innovation points of this paper 1 are summarized as follows.
• Considering the transmission interruption issue caused by blockage, an energy-angle domain access scheme for V2X scenario is proposed, by which the signals are labeled by different directions with multi-power-level.
• Several performance metrics including probability of false alarm, probability of detection, probability of miss detection, average probability of correct detection are proposed to evaluate the access scheme.
• Access time-throughput tradeoff problem is formulated mathematically, and it is proven that there indeed exists the optimal access time which yields the highest throughput for data transmission.
• A binary-decision beam tracking (BDBT) scheme, which is based on the state transition model, is presented to maintain the directional link connection. The remainder of this paper is organized as follows. Section II presents the mmWave V2X system model, which includes the energy-angle domain signal model and the state transition model. The access and transmission tradeoff analysis is described in Section III. The binary-decision beam tracking scheme is introduced in Section IV. Simulation results are provided in Section V to support theoretical analysis. Finally, we conclude the paper in Section VI.
1) NOTATIONS
Vectors and matrices are denoted by boldface letters; the Hermitian and transpose of the matrix A are denoted by A H and A T respectively; I is the identity matrix; 0 M ×N denotes the M ×N all-zero matrix; and finally, E {·} is the statistical expectation. 
II. SYSTEM MODEL
Considering a mmWave V2X scenario as shown in Fig. 1 , the vehicle A enters the coverage of the RSU with several vehicles. Faced with massive connection attempts, it needs to select the eligible direction to access and then transmit the data steadily. Under these settings, an energy-angle domain signal model is introduced, which is conducted in the initial access phase. Then, we investigate the state transition model to further fulfill the beam tracking strategy, which is applied in the data transmission phase.
A. ENERGY-ANGLE DOMAIN SIGNAL MODEL
To avoid the likely collisions in case of massive connection attempts, we first quantize the energy domain of the received signals into M levels, which are predetermined by a index set
For consistency, we define E 0 = 0 as the assumption without any signal. The threshold for the ith power level is defined as θ i . Second, we split the angular domain of the received signals into L sectors and assume there is one signal in each sector for simplicity. We sample N = τ f s points in every sector, where τ is the access duration and f s is the sampling frequency.
On this base, the energy-angle domain signal model is given in a multivariate hypothesis testing form as follows. Note that H i (i = 1, 2, . . . , M ) and H 0 represent signal of the ith power level and noise respectively.
where r k,l is the the kth received sample from the lth sector.
is the received signal strength, where E i is the amplitude of the signal, h l is the lth channel coefficient and G l is the directional antenna gain on the main lobe from the lth direction. Here we consider an ideal sector antenna with 3 dB beamwidth having constant antenna gain of the main lobe G = 2π−(2π−ϑ)ε ϑ , where ϑ = 2π L denotes the sector width and ε << 1 [23] . Furthermore, additional assumptions regarding the signal model are listed as follows.
1) The transmitted signal s k follows a circularly symmetric complex Gaussian (CSCG) distribution with mean zero and unit variance. 2) n k obeys the additive white Gaussian noise (AWGN) with mean zero and variance
3) The signal and noise are independent. 
B. STATE TRANSITION MODEL FOR V2X COMMUNICATIONS
After the initial access has been established, the vehicle or infrastructure is feasible to use the transmitted information [4] (e.g., absolute position, heading of neighboring vehicles and velocity) to assist the beam tracking process, which can reduce the impact of vehicle mobility on data transmission phase. Note that our target is to track the temporal variation of the direction of arrival with low pilot overhead. To this end, we establish the state transition model as illustrated in Fig. 2 . Without loss of generality, we set vehicle A as the origin with constant velocity v r , and regulate the heading direction parallel and vertical to the vehicle as the x-axis and y-axis respectively. Here we select vehicle A as the role of observer, which can be directly applied to other cases.
Lemma 1: For V2I communications, considering the static state of RSU, the temporal variation of the angle of arrival (AOA) at the vehicle side can be updated by a geometric analysis as (2) where T r is the observation interval, d r (t) is the distance between the vehicle and RSU at time slot t, γ r (t) is the AOA, φ r (t) and v r are the heading direction and velocity of the vehicle respectively.
Proof: According to the Law of Sine [24] , we can obtain
which can be further transformed as
This completes the Lemma 1. For V2V communications, we define the state vector of the target vehicle u at time slot n as
T , where the x u (n),ẋ u (n) andẍ u (n) denote the relative distance, velocity and acceleration in the x-axis in turn.
The state transition model for the target vehicle u can be presented as where
denotes the state transfer matrix, 0 3×3 is the zero matrix,
T u is the observation interval, and W is the system noise vector that meets
III. ACCESS TIME-THROUGHPUT TRADEOFF
In this section, the fundamental tradeoff between access time and achievable throughput is studied. We first introduce the structure of energy-angle domain access and transmission frame, where the transmission interruption issue caused by blockage is taken into account. Several metrics are then described to evaluate the performance. The tradeoff between access time and transmission throughput is analyzed and it is proven that there indeed exists the optimal access time with which the highest throughput for data transmission is achieved.
A. ENERGY-ANGLE DOMAIN ACCESS AND TRANSMISSION FRAME Fig. 3 shows the energy-angle domain access and transmission frame structure designed for a mmWave V2X network, which consists of two slots, i.e., access slot and transmission slot. It is assumed that the frame duration is fixed as T . In the access slot, according to the energy-angle domain signal model, the entire connection attempts are split into disparate directions with particular power level. After computing the decision metric from each sector, which is given as
the vehicle A selects the sector l o with highest power level to access, essentially with the biggest received signal-to-noise ratio (SNR) as
If there exists more than one decision under highest hypothesis among L directions, then the vehicle randomly selects one of them as the direction of transmission. If all L sectors are determined as H 0 , then we start the next cycle for initial access until the communication is built. In a moving scene, if the physical link is interrupted by the blockage, the vehicle could promptly transfer to the device with the secondary high power level rather than a new time-consuming search cycle. This proposed energy-angle domain access scheme guarantees the vehicles rebuilding the transmission rapidly, which can potentially decrease the overhead and elevate the spectral efficiency.
B. PERFORMANCE METRICS
Next, several performance metrics including probability of false alarm, probability of detection, probability of miss detection, average probability of correct detection are obtained to measure the performance of the proposed scheme.
Result 1: The probability of false alarm is given by
where ( Note that the derivative of P f can then be calculated by
The value of the derivative is obviously less than zero, proving that P f is a monotonically decreasing function over θ 1 . It is indicated that, when θ 1 approaches positive infinity, P f goes into zero. When θ 1 approaches negative infinity, P f goes into one. Thus, θ 1 can be derived by the inverse function of a predefined P f as
Result 2: The probability of detection under H i is approximated by
Result 3: The probability of miss detection is given by
where γ (s, x) = x −∞ t s−1 e −t dt denotes the lower incomplete gamma function.
Proof: According to (6), the decision metric at the lth
Since the received signal r k,l follows a Gaussian distribution, which can be represented as
the probability density function (PDF) of y l under H i follows chi-square distribution, which can be obtained as
On this base, the optimal decision of power level can be made independently according to maximum a posteriori probability (MAP) criterion aŝ
where P r (H i ) is the prior probability under hypothesis H i satisfying
, the threshold θ i of power level is given by (17) , as shown at the top of the next page [25] .
According to (14) and (15), the performance metric P f (θ 1 ), P i d and P i md can be obtained using the integral over the corresponding decision regions. This completes the proof of Result 1, 2 and 3.
Finally, we define an average probability of correct detection to quantify the accuracy of the estimation as follows.
whereĤ m,l (m = 0, 1, 2 . . . , M ) represents the estimated decision in the lth sector respectively, and P(H m,l ) is prior probability of H m for the lth sector.
C. ACCESS TIME-THROUGHPUT TRADEOFF ANALYSIS
According to the proposed energy-angle domain access scheme, the access slot is further divided into L sub-slots, corresponding to the L sectors in the angular space, and the length of each sub-slot is τ . In the meantime, the transmission slot possesses a duration of (T − Lτ ). Since the transmission begins only if all sectors are determined without H 0 , the achievable throughput can be given by
Theorem 1: Due to the energy-angle domain access and transmission frame, there exists an optimal access time which achieves the maximum throughput.
Proof: The derivative of R(τ, L) can be calculated by (20) , as shown at the top of the next page, where
When τ is close to zero, 
where γ ≈ 0.57, we can derive that
and the other item approaches zero. Hence, R ( T L ) < 0. In conclusion, R(τ ) performs local maximum within the interval (0,
T L ). This completes the Theorem 1.
Aiming at obtaining the optimal access time, the objective can be established as a quasi convex problem, which is given by
The P c (τ ) in the second constraint is generally set not lower than 0.5. As for the P f (τ, θ 1 ) in the third constraint, there are two computational constraints. One subjects to the case of equal prior probability, which can be deduced by (17) as
The other is based on Neyman-Pearson criterion [25] , which is determined by (10) . Thus, we need to compare the value of θ 1 with θ 1 and θ 2 to determine the feasible solution. All cases can be split into three circumstances. Firstly, ifθ 1 < θ 1 < θ 2 , thenθ 1 cannot meet the second constraint, which proves that θ 1 is practicable. Secondly, if θ 1 <θ 1 < θ 2 , thenθ 1 satisfies the second constraint, which demonstrates that both theθ 1 and θ 1 are viable. Thirdly, ifθ 1 < θ 2 < θ 1 , then the decision region is masked between H 0 and H 1 , which is triggered by the improper P f with tiny value. In short, θ 1 is the optimal option constantly.
IV. BINARY-DECISION BEAM TRACKING SCHEME
In accordance with the two major scenarios in the V2X communications, we propose a BDBT scheme to maintain the directional link connection in the data transmission phase. For V2I communication, the system state can be updated by the geometric analysis involved in (2) . For V2V communication, considering that the conventional UKF algorithm [26] suffers from the decreasing of precision and the loss of target owing to the maneuverability of the target motion, we introduce a modified UKF by combining the interactive multiple model (IMM-UKF), which can supply a more realistic solution for vehicle behavior.
With the IMM-UKF algorithm, the system states can be obtained by four stages, i.e., input interaction, unscented Kalman filtering, model probability update and output combination, which is given as follows:
1) Input interaction: Assume that the target vehicle possesses q motion states corresponding to
where j = 1, 2, . . . , q, W uj is the noise vector with mean zero and covariance matrix Q j . The hybrid state estimation of the jth state at time slot n can be presented aŝ *
where c j (n) denotes the model probability of each state,
p ij c i (n) is the normalized constant and p ij is the transition probability from the ith state to the jth state. Moreover, the covariance matrix of the the jth state can be obtained by (31), as shown at the bottom of the next page.
2) Unscented Kalman Filter: Next, we initializê * uj (n|n), * uj (n|n) and Z uj (n + 1) as the filter input.
is the observed AoA at the vehicle side obeying the Gaussian distribution, where f (·) is the observation function and V j is the Gaussian noise with the variance U .
According to unscented transform [26] , we construct a sigma set χ with (2ρ + 1) elements as
where ρ is the dimension of the state vector, [·] i denotes the ith row of the matrix and µ is the mean vector of theˆ * uj (n|n). Moreover, λ = a 2 (ρ + ϕ) − ρ is the scale parameter, where a and ϕ are the control parameters.
On this base, the weights of the sigma points can be calculated as follows. κ
, where β ≥ 0 is the scaling factor, the subscript m and c represent the mean and the variance respectively.
The one-step prediction of the sigma points set can then be obtained as
Thus, the estimation of the state value and covariance at the next time slot can be given by (34) and (35), as shown at the bottom of the next page respectively. *
According to the estimation value, we further create the sigma points set at time slot (n + 1) as χ i j (n + 1), which can be applied into the observation equation as
The observation value can be utilized to calculate the predicted mean and covariance as (37), (38) and (39), as shown at the bottom of the next page.
Then the Kalman update coefficient can be expressed as
Hence the update of state and variance for the target vehicle can be finally obtained by (40) and (41), as shown at the bottom of the next page.
3) Model probability update: We employ the likelihood function of Z uj (n) to update the model probability of the jth state, which is given by
where ν j (n + 1) denotes the innovation vector and S j (n + 1) denotes its variance. Therefore, the updated model probability can be obtained as
4) Output combination:
On the basis of the updated probability, the global estimation of the state and covariance for the target vehicle can be presented aŝ *
where η j =ˆ * uj (n + 1|n + 1) −ˆ * u (n + 1|n + 1). 
V. NUMERICAL EVALUATIONS AND SIMULATIONS
In this section, numerous evaluations and simulations are conducted to prove the access time-throughput tradeoff, evaluate the performance of energy-angle domain access strategy and BDBT scheme in mmWave V2X communications scenario.
A. ACCESS TIME-THROUGHPUT TRADEOFF ANALYSIS Fig. 4 depicts the theoretical and simulated results of access time-throughput tradeoff. The energy domain is split into 6 levels in the condition of equal prior probability and the angular domain is divided into 8 sectors. The false alarm probability is set as P f = 0.01. The result manifests that the curves possess quasi convex trend and there always exists an extreme point under different sampling frequencies. It can be observed that the optimal access time for maximum throughput is about 0.07µs and 0.03µs with the sampling frequency setting of 200MHz and 400MHz, respectively. The simulation verifies the correctness of our theoretical analysis, between which the differences are minimal. Hence, for simplicity, we only leverage the theoretical analysis in the later discussions. Fig. 5 presents the achievable throughput versus the number of sectors. It can be seen that the throughput promotes as the number of sectors increases but tends to be stable in a certain extent because the resolution of fixed sector width is finite, which indicates that there exists the optimal number of sectors to reach the near-optimal throughput. Moreover, * when the sampling frequency is identical, the throughput declines as P f decreases. This is due to the fact that lower P f requires longer access time and thus leaves less time for data transmission.
B. ENERGY-ANGLE DOMAIN ACCESS SCHEME
Next, we evaluate the performance of energy-angle domain access by the metrics of the probability of detection P d and the average probability of correct detection P c . Fig. 6 illustrates the probability of detection versus the total access time. The proposed scheme is compared with the exhaustive search mechanism under two different sector widths. The sampling frequency is set as 400MHz. The result reflects that our proposed scheme requires less access time than the exhaustive search with identical P d because the latter considers neither the tradeoff issue nor the handling of blockage. The figure also shows that the larger beam width provides lower antenna gain, which requires more sampling points to compensate, resulting in longer access time.
Besides, the probability of detection versus sector width under different conditions are provided in Fig. 7 and Fig. 8 . Overall, the detection probability declines with the sector width increasing which is reasoned by the excessively low gain produced by the broad sector. Remarkably, Fig. 7 shows that, more sampling points lead to the P d increasing under same P f condition, and smaller P f leads to the P d decreasing under same sampling points. Fig. 8 illustrates that the SNR conditions should be taken into account for selecting the FIGURE 6. The detection probability versus the total access time. optimal sector width. The sector width should be larger to save the access time if the SNR is high, otherwise small sector width is recommended to be selected.
Furthermore, the average probability of correct detection versus SNR with varying settings of power level is demonstrated in Fig. 9 . We sample 256 points in each sector with a predefinedP f = 0.01. The power level is preset as 2, 4, 6. It can be observed that the P c goes down with the increasing of power level under identical SNR. This is because the prior probability and precision requirements of each power level are the same, thus more levels will reduce the average accuracy.
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FIGURE 9.
The average probability of correct detection versus SNR with varying setting of power level.
C. BINARY-DECISION BEAM TRACKING SCHEME
Finally, we evaluate the performance of the proposed BDBT scheme. The normalized error ξ is taken as the performance indicator, where ξ = X −X X . We assume that the probability of V2V and V2I communications is equal, where the RSU is static and the target vehicle starts at a constant relative speed 2m/s and then accelerates uniformly by 5m/s 2 without changing lanes. The initial relative distance is set as 10m. Fig. 10 presents the relative distance versus time slot with UKF and proposed BDBT scheme. It can be observed that the BDBT scheme is closer to the real value and has less fluctuations especially during the acceleration phase, which proves a more stable tracking performance.
The corresponding normalized error versus time slot with UKF and proposed BDBT scheme is illustrated in Fig. 11 . The result reveals that the deviation of UKF algorithm is apparently higher than the proposed BDBT method due to its lacking consideration of vehicle maneuverability. Moreover, the normalized error of BDBT scheme basically maintains below the degree of 0.02 proving a more precise tracking performance.
VI. CONCLUSION
In this paper, we investigate an energy-angle domain access and transmission frame structure for mmWave V2X communication scenario. In view of the blockage, we first propose an energy-angle domain access scheme, where the signals are labeled by different directions with multiple power levels. Several performance metrics are subsequently designed to evaluate the scheme. Then, the access time-throughput tradeoff problem is mathematically formulated, and the simulation result verifies that there indeed exists the optimal access time which yields the highest throughput for data transmission. Finally, we present a binary-decision beam tracking scheme based on the state transition model, which proves an efficient performance to maintain the directional link connection in the data transmission phase. 
